In many ecosystems, bioindication is a tool to estimate biodiversity and quality of environment. In soils, invertebrates are generally suitable bioindicators, especially earthworms. In floodplains, young alluvial soils are exposed to sedimentation and erosion, and little is known about soil bioindication. Moreover, a reference state is now needed to evaluate river restoration projects. The aim of our study was thus to establish an "undisturbed" floodplain reference at the subalpine level based on earthworm communities and to test if they are indicators of fluvial dynamics. Seven plots were chosen along a stretch of the Kander River (BE, Switzerland). At each plot, a soil profile was described (carbonated Fluvisols) and topsoil was analysed. Earthworms were extracted in each plot using standard mustard extraction (3 Â 1 m 2 ) and "hand sorting" method (20 Â 20 Â 20 cm). Eight species were identified, and Lumbricus meliboeus was found for the first time in a carbonated environment. The absence of anecics was considered, at the subalpine level, as a bioindication of the fluvial dynamics (erosion and sedimentation processes). Biomass of epigeics was positively correlated to topsoil texture and organic matter quality, and thus epigeics, sensitive to variations of topsoil composition, are bioindicators of the latest flood event at the subalpine level.
Introduction
The concept of bioindicators probably first became widely used following the definition of Clements in 1920 who identified plant species as community indicators within his overall concept of plant community succession [1] . According to Markert et al. [2] , a bioindicator is a living organism, even so a part of an organism or a community of organisms, which contains information on the quality of the environment. Bioindication is thus one of the organism properties, collected in the field, and giving ecological information that is used to make inferences about the quality of the environment. Such bioindication commonly refers to bioindicators which are related, directly or indirectly, to some or a complex of factors used as a barometer indicating air pressure [3] . The notion of bioindication in soils has been recently developed with the challenge of applying the expertise of soil knowledge in the assessment of contaminated soils and problems of soil degradation [4] . Therefore, bioindication has been applied mainly as a tool to estimate soil biodiversity and quality, such as the evaluation of pesticides impact or success of restoration methods (i.e. postmining restoration [5] ). Despite the fact that bioindicators for soils are still insufficiently developed, soil invertebrates were recently considered as appropriate tools in indicating the degree to which soil may be affected by human activities [5] . For instance, mesofauna groups such as Collembola and Acarina were used to evaluate the suitability of forest soils [3] as well as environmental impacts of pollutants [6] . Oligochaeta (earthworms and enchytreids) are also generally regarded as highly suitable bioindicators, because: 1) they contain key species for ecosystem functioning, 2) they are widespread and abundant and 3) they may be used at various levels of biological organisation, ranging from molecular to ecosystem levels [7] . Focusing on these organisation levels, population growth, biomass and abundance of Oligochaeta may vary according to toxicant stress [8] . At the community and ecosystem levels, Schouten et al. [9] also demonstrated that diversity and abundance of Oligochaeta were clearly discriminative between soil types and land-use intensities in grasslands and horticultural farms. In addition, annelid communities may also help in characterizing soil quality [7] . Earthworms, usually considered as major ecosystem engineers [10e12], may be particularly efficient for the purpose of soil bioindication because they actively contribute to organic matter recycling and soil structuring processes [13, 14] . Conversely, distribution of earthworm communities is clearly influenced by soil parameters such as soil texture combined with vegetation types, soil nutrients and pH values [15e17] .
Very few studies have been conducted on earthworm communities in floodplains; most of those were descriptive and focused on meadows and grasslands at very low altitude (ranging from 5 to 50 m a.s.l.), and generally on stabilized terraces [18e20]. To our best knowledge, only three studies were conducted on earthworm communities in near-natural floodplains at mountain and subalpine levels [21e23] . Moreover, in the framework of ecosystem rehabilitation, floodplain management is now questioned and river restoration projects have thus considerably increased worldwide in recent decades [24, 25] . To evaluate the success of floodplain restoration, a reference state to be reached by river restoration has to be determined [26] and a value assessment could be established by using reliable indicators of restoration evaluation. The most frequently used indicators to evaluate the success of river restoration aiming to increase biodiversity are based on vegetation and aquatic fauna [27] . So far, little is known about earthworms as bioindicators of restoration success. Plum and Filser [28] demonstrated in their study carried out in Northern Germany that earthworm abundance and biomass are usually reduced by extensive flooding. Indeed, floods have a large impact on alluvial soil chemistry (especially organic matter content and quality), physics (especially texture, soil thickness) and soil stabilisation (time elapsed between flood events) through sedimentation/erosion processes and organic matter fluxes. Alluvial soils are considered as young soils resulting from the interaction between in situ evolution and inheritance of both organic and mineral materials [21e23] . As a consequence, a better understanding of earthworm communities as bioindicators of environment quality may therefore be helpful to evaluate the success of restoration projects in recreating the fluvial dynamics.
The aim of our study is to establish an "undisturbed" floodplain reference at the subalpine level based on earthworm communities (diversity, ecological categories, abundance and biomass). The specific objective of this study is to test if earthworm communities may be used in an undisturbed subalpine floodplain as bioindicators of the fluvial dynamics. Thus, we hypothesize that earthworm communities are bioindicators of the fluvial dynamics reflected by the physical soil parameters (especially texture) and the organic matter (quantity and quality) of the topsoil layer. In a similar environment, i.e. same mesoclimate, same vegetation cover reflecting colonisation time (alder shrubs and trees), same organic input through in situ litter fall, same young soils regularly flooded (Fluvisols [29] ) and same parental material (carbonated alluvial deposits), the topsoil layer parameters (texture, structure, thickness, organic matter content) are mostly determined by the latest flood that has led to the inheritance of mineral and organic deposits.
Methods

Site descriptions
The study was carried out in a Swiss subalpine floodplain site at an altitude of 1320 m a.s.l. along the Kander River (Canton of Bern) included in the alluvial zones inventory of national importance (162 ha [30] ). This site originates mainly from calcareous deposits and exhibits natural hydrological dynamics where depositions and erosion processes still occur. General characteristics of this site are given in Table 1 . The fluvial regime is pluvio-nival (floods in spring and summer due to rain and snow melt) and the mesoclimate is subalpine (high variation in air temperature between summer and winter).
Regarding earthworm and soil samplings, seven plots within the site of national importance were chosen along a 5 km stretch of the Kander River (Kander 1 to Kander 7 from upstream to downstream, ranging from an altitude of 1400 to 1360 m) within the same vegetation unit, forests of alder shrubs and trees, representing the dominant vegetation stage in absence of mature forests. The minimal distance between plots is 300 m and, except during floods, plots are not far from more than 20 m from the riverside. All soils correspond to the Fluvisol type according to the classification of IUSS Working Group WRB [29] and are regularly flooded at least annually. In addition, all plots have been subjected to a major flood (Q20) one year before sampling date leading to erosion or deposition of some organic and mineral materials. No data about water table-level are available for this floodplain.
Earthworm sampling
Earthworms were collected using the standard mustard extraction [31] in three replicates of 1 m 2 with a corresponding depth of about 20 cm. The "hand sorting" method (20 Â 20 Â 20 cm) was done to guarantee that no earthworm remained in the soil. Earthworms were directly stored in formaldehyde 4% (v/v) and identified in the laboratory at the species level [32, 33] , and classified according to the three main ecological categories (epigeics, endogeics and anecics [34] ). Dead fixed adults and sub-adults were individually counted and weighed without gut clearing, and unidentified juveniles were allocated to species by assuming that the species ratios for adults and for juveniles were identical.
Soil sampling and analyses
In each plot, the topsoil layer, corresponding to the organomineral horizon, was collected according to the horizon thickness and analysed in the laboratory. Organic carbon (calculated by deducting the carbonates from the total carbon), total nitrogen (both measured with Carlo Erba CHN analyser), total and active CaCO 3 (modified Drouineau and Galet method; n AFNOR X31-105), as well as particle size distribution (modified Robinson pipette method) were determined [35] .
Statistical analysis
All statistical analyses were performed with R 2.10.0 [36] . Firstly, an analysis of variance (ANOVA with Tukey HSD test) was used to test differences between earthworm data of the seven plots. A Principal Component Analysis (PCA) was used to obtain a general view of earthworm parameters and soil characteristics. Multiple regressions were used to test the influence of soil parameters on earthworm communities (using total biomass and abundance, biomass and abundance per ecological category and per species). In addition, Redundancy Analyses (RDA) were made using earthworm matrix (with biomass, abundance, total number of species, total number of adults, Shannon index data) and explained by the soil matrix. Finally, to identify which variables are predominant in the distribution of earthworm communities, forward selection of explanatory variables on the earthworm species matrix (with biomass data) were made [37] .
Results
Soil parameters
All soils described were carbonated and classified as Fluvisols [29] . They developed in alluvial deposits and were mainly sandy with a good drainage. Some hydromorphic features were observed, but only in the lower part of the profile (Kander 5 and 7). They differed mainly by their topsoils, especially thickness and physicochemical characteristics of the organo-mineral horizon ( Table 2 ). The PCA analysis (Fig. 1) illustrated that the first principal component axis PC1 (explaining 69% of the total variance) separated the samples according to the particle size (silt content on the left of the graph related to Kander 7, downstream of the studied stretch, and sand content on the right side related to Kander 2, 5 and 6), the amount of active carbonates (on the left side related to Kander 7 and also Kander 4) and the C/N ratio in a lesser extend (on the right side of PC1). The second axis PC2 (explaining 16.3% of the total variance) discriminated the organic carbon content with Kander 1 on the top, and Kander 2 at the bottom that contains the lowest amount.
Earthworm communities
Eight species of earthworms were identified (Lumbricus rubellus, Lumbricus meliboeus, Dendrobaena octaedra, Dendrodrilus rubidus, Octolasion tyrtaeum lacteum, O. t. tyrtaeum, Allolobophora rosea, Nicodrilus caliginosus caliginosus) of which none were anecic ( Table 3 ). The plot Kander 1 showed the lowest number of species (two epigeics), whereas Kander 7 the highest (three epigeics and four endogeics). Significant differences in total biomass and abundance between plots were observed (Fig. 2) (Table 4) . No endogeic species was found in Kander 1 and 6, and a large proportion of epigeics was observed in Kander 2 and 3. Kander 4 and 5 presented a high proportion of biomass of epigeics, but a much lower proportion of abundance. On the contrary, Kander 7 showed the largest proportion of endogeic earthworms, as well as the highest Shannon index (1.386). A projection of these data using a PCA analysis confirmed these results (Fig. 3) . The first principal component axis PC1 (explaining 57.6% of the total variance) showed that Kander 7 was clearly different from the other plots in terms of endogeics' biomass and abundance, number of adults and Shannon index value. The second axis PC2 (explaining 26.9% of the total variance) discriminated mainly Kander 2 and 3 (on the bottom of the graph), which had a high abundance and biomass of epigeics.
Earthworms as bioindicators of environment quality
The total biomass of epigeics was influenced by all soil parameters, whereas active carbonates content had an influence on the total abundance of epigeics (Table 5 ). Moreover, the epigeics' proportion was correlated to the C/N ratio. Silts and active carbonates had a significant effect on the biomass of L. rubellus and A. rosea and this latter species was the only one influenced by total organic carbon.
The results of RDA analysis (Fig. 4A) showed a shift between plots with endogeic species (on the right side of the RDA1 axis explaining 57% of the total variance) or without endogeics (on the left side of the graph). Earthworm communities were related to habitats mainly characterized by: i) sand content (Kander 6), ii) active carbonates amount, which was correlated to silt content Table 2 Soil characteristics of the seven plots: sand content (%), silt content (%), organic carbon (%), C/N ratio, active CaCO 3 (%), total CaCO 3 (%). To minimize the number of factors, clay content is not shown in this (Kander 7; axis RDA1), and iii) organic carbon content, related to a high C/N ratio, however to a lesser extent (Kander 4 and 5; RDA2). Results of forward selection of explanatory variables showed that the best model ( Fig. 4B ; 2-ways ANOVA, F 3,3 ¼ 3.895, p < 0.01) took into account the biomass of each species and explained three soil parameters (active carbonates content, silt amount and C/N ratio). When a permutation test for RDA under reduced model (terms added sequentially -first to last) is performed, only two soil parameters are significant, respectively active carbonates (2-ways ANOVA, F 1,3 ¼ 6.889, p < 0.001), correlated to silt content, and C/N ratio (2-ways ANOVA, F 1,3 ¼ 3.463, p < 0.01).
Discussion
Topsoil characteristics correspond to young carbonate-rich soils with a low degree of in situ soil development due to fluvial dynamics leading to a similar vegetation stage with a short time of stabilisation. As mentioned by Cierjacks et al. [38] , a large variability of soil properties within one vegetation type may be observed. These authors concluded that there is no clear correlation between vegetation type and soil properties. Our results confirm other observations about the high spatial and temporal variability within plots that mainly results from texture and organic matter content, and quality in a lesser extent, and reflecting by a wide mosaic of topsoils [39] . These last authors also observed that C/N ratios were not significantly correlated with the silt plus clay fractions in the topsoil or the sediment, but were mostly due to differences in the relative importance of external inputs and autochthonous organic matter. The importance of inheritance (mineral and organic) has already been highlighted in Guenat et al. [21] who demonstrated that the initial composition of the alluvial deposits may influence the topsoil characteristics, especially in initial stages of soil formation. The spatial variation of inherited material can thus be considered as an indicator of a near-natural fluvial dynamics at the subalpine level, where erosion and sedimentation are the main processes involved, and may partly determine the quality of habitat for earthworm communities.
About earthworm communities, total number and biomass in our study are low (6e158 ind m À2 and 1.8e96. . We hypothesize that our low values may be due to the characteristics of alluvial soils, where earthworm abundance is generally lower according to Edwards and Bohlen [13] . Moreover, the maximum abundance and biomass found in this study are similar to those measured in a Swiss mountain level floodplain [22] . Eight species and subspecies, all inventoried in Switzerland, were determined in our study plots. Similar numbers of species were observed in temperate forests [41] , coastal and floodplain meadows in West Estonia [20] and pastures of a chalky slope of the Seine Valley [42] . Moreover, a maximum of five species was found in pasture soils of South Australia [40] and in flooded grassland [19] .
Despite the relatively small riparian sampling area, the total diversity of species and its variability among plots were high. All sampled species are common earthworm species. A. rosea, L. rubellus and O. t. tyrtaeum have been recorded from a wide range of habitats including banks of rivers and lakes [33] . A. rosea is usually found in soils with low organic matter content and L. rubellus prefers soils with high organic matter amount. Concerning O. t. lacteum, a large variation of size may be observed depending on the environment [32] and this species is mainly found in mountain habitats and humid soils with medium amount of organic matter. The earthworm L. meliboeus, considered by Bouché [32] as exclusively inhabiting mountain environments with acid soils with a medium content of organic matter, was also present in the carbonated-rich soils of our plots. Finally, N. c. caliginosus is reported in low organic matter habitats and prefers humidity. In our study, correlation with organic matter content is not clear and established for the above mentioned species.
The absence of anecic earthworms is here probably not due to the altitudinal level, but to the riparian conditions. Salomé et al. [23] observed A. caliginosa nocturna in an adjacent pasture to our site. Other parameters, mainly related to the particular conditions of subalpine floodplain, flooding and/or inter specific competition, may explain this absence of anecic species. Fründ et al. [43] reported that soil moisture is the key limiting factor for earthworm populations, and flood events are considered to sharply reduce earthworm populations. It has also been demonstrated that the impacts of flood events are different according to soil type, season and duration of flood events, and species [28] . Several earthworm species, including L. rubellus, may survive several weeks in flooded soils. In addition, L. rubellus is considered as an r-strategist [28] , adapted to life in frequently flooded environments. In our case at the Kander River site, floods events are short and act mainly through erosion and sedimentation processes. The anoxic period is probably Table 4 Earthworm parameters for each plot (total biomass of epigeics and endogeics, total abundance of epigeics and endogeics), proportion of epigeics (% of the total biomass and abundance), number of adults, Shannon index and number of species. 
Table 5
Multiple regressions on the different earthworm and soil parameter data: total biomass and abundance, biomass and abundance of epigeics, biomass and abundance of endogeics, epigeics (% of total biomass and % of total abundance), biomass and abundance of the eight species (L. rubellus, L. meliboeus, Dendrobaena octaedra, Dendrodrilus rubidus, Octolasion tyrtaeum lacteum, O. t. tyrtaeum, Allolobophora rosea (¼A. rosea), Nicodrilus caliginosus caliginosus). Only significant relationships (significance level less than 0.05) are shown in very brief and earthworm abundance is certainly determined by other biological properties (stress resistance, dispersal power), and ecological interactions such as competition [43] . Epigeics such as L. rubellus are most vulnerable to desiccation and predation, and produce high numbers of cocoons each year (65e106). Endogeics such as Allolobophora chlorotica, A. caliginosa and A. rosea produce 8e27 cocoons per year, and anecics such as A. longa produce the lowest numbers of cocoons (3e8 per year [44] ). According to Fründ et al. [43] , soil quality, provision of food, and climate are the main factors that determine the abundance of earthworms in the field. Soil quality is determining the physical (texture, depth, coherence) and chemical (pH, oxygen supply) habitat quality in relation to species-specific preference and tolerance. In our study, we demonstrated that biomass of epigeics, representing the majority of total biomass, are correlated to the topsoil quality, i.e. the textural factors, active carbonates and organic matter quality.
Another factor to consider is the provision of food (mainly organic matter), which determines the carrying capacity/maximum population size and may be various in quantity and quality. As in situ litter fall is quite limited in such sparse alder and low productive forests, its amount and quality can be considered as identical among the seven plots. Therefore, the main variations of organic matter among the different topsoils are due to the inherited organic materials depending on flood events that may vary in quantity, and can be composed of different materials, such as logs, leaves accumulation or humus eroded upstream. Thus its quality, revealed by C/N ratio and correlated with epigeics, and quantity, due to a low transformation rate, could determine earthworm populations. According to Paoletti [44] native soils with organic matter of mull and moder types generally present higher earthworm diversity and biomass. Fresh deciduous forest litter is generally attractive for earthworms only after some weathering and degradation by fungi and bacteria. The necessity for some initial breakdown of deciduous plant litter reflects that earthworms are not well equipped to digest lignin and other products derived from cellulose [44] .
About climate, we can consider that mesoclimate is similar along the studied stretch but some extreme events, such as floods and droughts, can differently influence earthworm communities. Indeed, Fründ et al. [43] mentioned that catastrophic breakdowns of earthworm abundance may be observed after exceptional droughts or freezing.
The absence of anecic earthworms within the entire river site could be considered as a bioindication feature at the subalpine level, but further investigations are needed to investigate the relative importance of different kinds of stress (floods, temperature variations, competition). By contrast, and for epigeic and endogeic categories, results show a high variability of earthworm communities in term of biomass, abundance, species composition, diversity and relative importance of both categories. This high variability is one of the "pre-requisite" conditions to consider earthworms as efficient bioindicators of habitat quality at the subalpine level. These differences are not due to the mesoclimate, soil types, nor to local litter inputs, but are mainly related to the topsoil properties that are determined by inherited organic and mineral materials brought by recent flood events. These external inputs of organic and mineral components play a major role on earthworm communities, particularly on the epigeics biomass. At the species level, we observed that biomass and abundance of L. rubellus is generally well explained by soil parameters, such as C/N ratio. In this way, epigeics communities and species may be particularly sensitive to variations of topsoil composition, and thus being bioindicators of the more recently inherited organic and mineral deposits due to the last flood. Consequently, we may assume that epigeics may be considered as bioindicators of the fluvial dynamics.
Conclusion
Floodplains present a complex mosaic of topsoil composition leading to a high heterogeneity of potential habitats for earthworms. The presence of some species is quite difficult to interpret because of scarce studies on this little known environment. In addition, earthworm communities depend on multiple interactions of parameters, such as stress, competition between species and/or ecological categories, time of colonisation, fluvial dynamics and especially material inheritance. Nevertheless, earthworm community changes are related to habitat quality (organic and mineral contents mainly) in a relatively small riparian area with a high flood pressure, and epigeics are good bioindicators of the fluvial dynamics in a nearnatural subalpine carbonate-rich environment. This study may be a first step to define a reference state in bioindication for natural and undisturbed sites, at subalpine level, in the framework of restoration projects or other environmental impacts. This specific site is therefore representative of calcareous rich subalpine floodplains subjected to fluvial dynamics creating very young soils where frequent erosion and sedimentation disturbances occur and when flood duration is short. However, other studies realized in comparable floodplains and Table 3 for earthworm species.
conditions of sampling are needed to really allow the use of earthworm communities as bioindicators of habitats quality and further investigations are needed, mainly about soil parameters, floods and hydromorphic features, to complete the description of such subalpine floodplains.
